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Abstract
The tree-level partonic angular distribution of Standard ModelWγ production possesses a feature known as the
Radiation Amplitude Zero (RAZ) where destructive interference causes the cross section to vanish. At the proton
level the exact cancellation disappears, however, one can find a dip in the central region of the angular distributions,
here called the Radiation Valley (RV). In this paper, we show how the sensitivity for W (`ν)γ resonances can be
significantly improved if one focuses on events in the RV region. Using this technique, we find that the LHC
could probe a larger range of resonance masses, equivalent to increasing the luminosity by a factor of 2 − 3 over
conventional searches. The exact increase depends on the spin of the Wγ resonance and exactly how it couples to
electroweak gauge bosons.
1 Introduction
Electroweak diboson resonances (X → V V ′, where
V, V ′ ∈ γ,W±, Z,H) are a feature of many models
[1] of physics beyond the Standard Model (SM), in-
cluding TeV-scale compositeness [2–5], ‘quirkiness’ [6–8],
heavy vector triplets [9,10], and charged Higgses [11,12].
While it may be tempting to view all diboson resonance
searches as bump hunts, the SM background in certain
electroweak diboson channels has some striking kine-
matic features that can be exploited to increase sensi-
tivity. Specifically, the SM Wγ (and to some extent the
WZ) channel exhibits a RAZ, an exact zero in the (tree
level) differential cross section dσ/d cos θ∗, where θ∗ is
the angle between the incoming parton and the outgoing
photon in the center of mass frame [13]. For Wγ pro-
duction, this zero occurs at cos θ∗ = ±1/3, where the
negative (positive) sign corresponds to W+ (W−) pro-
duction. Kinematic regions where the SM background is
suppressed are natural places to hone in on and search
for new physics, as we explore in this paper. In partic-
ular, we investigate how to utilize the RAZ in Wγ to
improve resonance searches by focusing the searches at
the dip of the angular distributions.
The RAZ phenomenon was discovered long ago by
Brown, Mikaelian, Sahdev, and Samuel [14, 15] and it
was soon after explained by Brodsky et al. [16, 17] as
the quantum version of the classical result that there is
no dipole radiation in the scattering of particles with
the same e/m ratio. The classical relation Q1/m1 =
Q2/m2 turns, at the quantum level, into Q1/(p1  q) =
Q2/(p2 q) [18], where q1,2 are the charges of the colliding
particles, m1,2 their masses, p1,2 their four-momentum,
and q is the four momentum of the outgoing photon.
This formula defines the kinematic condition for which
the amplitude of Wγ production is exactly zero.
Diagrammatically, tree level, Wγ production occurs
through the processes in Fig. 1. The RAZ exists due to
a cancellation between these diagrams. Any new physics
(NP) signal can modify the shape of the angular distri-
bution by spoiling such cancellation. If the NP effects
come from higher dimensional operators or anomalous
triple gauge couplings the NP amplitude can interfere
with the SM amplitudes and reshape the angular distri-
bution in nontrivial ways. If the NP effects come from a
resonance, the interference effects are subdominant, but
the contribution from NP can populate the dip in the
angular distributions where the SM contribution is zero.
In this paper we will focus on the effects on the RAZ due
to scalar and vector resonances in the context of a few
models.
In going from parton level to a realistic hadronic col-
lision, the RAZ gets partially washed out by a number
of effects [19–27]. The largest contaminants are photon
final state radiation (FSR), next-to-leading order cor-
rections (NLO), and the reconstruction of the partonic
center of mass frame. However, even including these
washout effects, a clear dip in the angular distribution
remains [28,29], as we will discuss below.
The layout of the rest of this paper is as follows: In
section 2 we present the parton RAZ and its proton ver-
sion, the RV. We present the shape of the angular distri-
butions for the background and a benchmark signal from
a scalar resonance. This analysis helps us visualize the
power of the RV as a kinematic cut that improves sig-
nal significance. Section 3 introduces a few models that
include Wγ resonances. Section 4 presents our results,
Brazilian flag-like exclusion regions for the signal cross
section as a function of the resonance mass for different
models. We finally present our conclusions in section 5.
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Figure 1: Tree-level contributions to Wγ production (s, t,
and u-channel respectively). For leptonically decayingW one
should add an extra diagram where the photon is emitted by
the lepton (FSR).
2 The Radiation Amplitude Zero
In this section we discuss how the RAZ manifests at
parton and proton levels. For the latter we introduce
a series of kinematic cuts that can be implemented to
mitigate the washout effects due to NLO corrections and
FSR. For this we will follow the ATLAS search for Wγ
resonances in the leptonic channel in [30]. We then ex-
plore the behavior of the background and a benchmark
signal model in different kinematic regions.
Starting at parton level, the tree-level partonic angu-
lar distribution of SM Wγ production shows an exact
zero at cos θ∗ = ∓1/3 for W± production. This zero in
the cross section is the RAZ feature, shown in Fig. 2.
As our goal is to use the RAZ to pick out regimes where
the background is suppressed but the signal is not, we
will also display the behavior of a benchmark NP model
that decays isotropically to Wγ. For now, we are only
concerned with the shape of the signal, more details on
the context for such a resonance will be shown in Sec. 3.
Moving from partons to protons, it is no longer pos-
sible to reconstruct the CM angle θ∗ because we do not
know the direction of the incoming quarks. However,
there are several kinematic variables that encode some
of the same information. One such variable is the rapid-
ity difference between the photon and the lepton from
the W+ decay, ∆y = yγ − y`,1 which has the benefit
that it can be measured in the lab frame without worry-
ing about reconstructing the four-momentum of the W .
A second variable is the Collins-Soper (CS) angle [34] ,
defined as [35,36]
cos θCS =
Qz
|Qz|
2(p+1 p
−
2 − p−1 p+2 )
|Q|√Q2 +Q2T , (1)
where Q is the net momentum of the Wγ system with
1Evidence of the RAZ have been found in measurements of
∆y at the Fermilab Tevatron [31] and at CMS [32,33].
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Figure 2: Partonic angular distribution for W±γ produc-
tion. The RAZ is located at cos θ∗ = ∓1/3, where θ∗ is the
angle between the incoming quark and the photon in the CM
frame.
Qz (QT ) the longitudinal (transverse) piece, and p±i =(
p0i ± pzi
)
/
√
2, defining p1 (p2) as the momentum of the
photon (W boson). Determining the CS angle requires
reconstructing the four-momentum of the leptonic W
boson. As there is only one source of missing energy in
W+(`ν) γ events, this reconstruction is possible (up to
a two-fold ambiguity) and requires i) to assign all of the
missing energy in the event to the neutrino, and ii) to
assume that the W boson is on-shell [37–40].
To study how these variables capture the RAZ and
how the ∆y, θCS background and benchmark signal dis-
tributions vary across different kinematic regimes, we
turn to Monte Carlo (MC). For the background, dis-
tributions were calculated at NLO including FSR effects
using MCFM 8.0 [41–43]. For the signal, we use the scalar
triplet model (discussed in Sec. 3), having implemented
it in FeynRules [44] generating (LO) events using Mad-
Graph5 [45]. Our basic set of kinematic cuts is:
pγT ≥ 50 GeV, |ηγ | ≤ 2.5,
p`T ≥ 30 GeV, |η`| ≤ 2.5, (2)
/ET ≥ 30 GeV.
These cuts must be supplemented by additional re-
strictions to mitigate the washout of the RAZ from
higher order QCD and QED effects. Specifically, the
impact on the RAZ from NLO effects is minimized by
imposing a jet veto on the events [28, 29] whereas the
impact due to the FSR contribution is minimized with
cuts on the angle between the electron and the photon,
∆R`γ , and the photon isolation cone, R0 [46]:
jet veto : pjT ≥ 30 GeV, |ηj | ≤ 2.8, (3)
FSR veto : ∆R`γ ≥ 0.7, R0 ≥ 0.4. (4)
Finally, we would like some way to evaluate how the
signal and background shapes vary with the overall en-
ergy of the event. This can be done in two ways, de-
pending on if leptonic W reconstruction is possible or
2
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Figure 3: Proton level distributions of W+(`+ν)γ production. The panels show the background and signal shape of two
distributions: the difference of the photon and lepton rapidities ∆y (left), and the Collins-Soper angle cos θCS (right). Solid
lines show the distributions including the cuts in Eqs. 2, 3, 4 only, while the dashed lines show the distributions after an
extra cut in the cluster transverse mass m`νγT (Eq. (5)) (left), or the invariant mass mWγ (right). The orange line represents
a benchmark signal from the scalar triplet model introduced below, with a mass of mX = 600 GeV. All distributions are area
normalized. The total cross section of the dashed ∆y (cos θCS) distribution corresponds to σ = 12 fb (σ = 19 fb).
not: 1. We can use the invariant mass of the events√
sˆ = mWγ , or 2. We can use the transverse cluster
mass m`νγT defined as [30]:(
m`νγT
)2
=
(√
m2`γ + |p`T + pγT |2 + /ET
)2
−
− ∣∣p`T + pγT + pνT ∣∣2 , (5)
as a proxy for
√
sˆ. Here, m`γ is the invariant mass of the
`γ pair. In our analysis, we will consider both options.
The ∆y and cos θCS distributions for pp→W+(`+ν)γ
are shown in Fig. 3, along with the isotropic benchmark
signal. All distributions are shown imposing the cuts
in Eqs. 2, 3 and 4. To explore how the distributions
vary with the overall energy of the partonic collision, we
consider two different values of mWγ , m
`νγ
T ≥ 100 GeV
(solid lines) and mWγ , m
`νγ
T ≥ 500 GeV (dashed lines).
The benchmark signal assumes mX = 600 GeV, where
X is the Wγ resonance. As the signal m`νγT distribu-
tion is peaked near mX , the m
`νγ
T cut has little impact
(provided its not too close to mX), so we only show
the signal curve for the higher cut. The distributions
are area normalized so we can focus on the difference in
shape.
The distributions in Fig. 3 show the following quali-
tative features:
• For ∆y (left), the SM distribution shows a dip in
the central region [47] related to the RAZ. For large
values of the transverse mass, the depth of the cen-
tral dip is bigger. On the other hand, the signal
distribution is peaked at the central region.
• For cos θCS (right), the SM distribution has a min-
imum at the center-left angular region cos θCS ∈
[−0.4, 0.1]. This feature is a clear indicative of the
underlying RAZ. On the other hand, the signal pop-
ulates the angular distribution in a nearly isotropic
way in the central region.
We refer to the dips in the ∆y and cos θCS distribu-
tions as the Radiation Valley (RV) feature. To be more
quantitative about the RV, we calculate the efficiency of
the RV cut, defined as the ratio
V =
number of events inside the valley
total number of events
, (6)
which can clearly be optimized depending on the sce-
nario. For example, for m`νγT (mWγ) in the inter-
val [0.5, 0.7] TeV, using the RV cut ∆y ∈ [−1.2, 1.2]
(cos θCS ∈ [−0.7, 0.5]) the background has an efficiency
of (b)V = 0.25 (0.28) whereas the signal from the scalar
benchmark model in Fig. 3 has an efficiency of (s)V =
0.72 (0.72). If we quantify the significance of a signal by
S/
√
B, where S is the number of signal events and B is
the number of background events, the impact of a new
cut changes the significance by (s)/
√
(b). Plugging in
the RV cut numbers for this example point, we find an
increase in significance of 44% (36%).
Having seen how effective the RV cut can be at re-
ducing the SM Wγ background, our strategy is simple:
we will supplement current Wγ resonance search cuts
with our RV cut, with the valley optimized for a given
resonance spin and mass.
Before going forward with this strategy, it is impor-
tant to differentiate between SM processes with a RAZ
from generic SM diboson processes. As can be seen from
Fig. 3, the SMWγ distributions are pushed to large val-
ues of |∆y|, cos θCS as sˆ increases. Some of this can be
3
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Figure 4: Comparing difference in rapidities distributions
from W (`+ν)γ and Z(`+`−)γ production (SM background
at LO). Solid lines include the basic cuts in Eqs. 2, 4, while
dashed lines include an extra cut in the transverse (invariant)
mass m`νγT (mZγ) in Wγ (Zγ) indicated by the letter M .
attributed to t/u-channel contributions to Wγ, which
are enhanced at θ → 0, pi, or, said differently, are less
suppressed at θ → 0, pi when sˆ is large. However, part of
the dip is due to the cancellation between the s-channel
contribution with the t/u-channels. To highlight the im-
pact of the cancellation on the ∆y, cos θCS distributions,
in Fig. 4 we compare the ∆y distributions (area normal-
ized) of (LO) Wγ and Zγ, a diboson process with t/u-
channel pieces only. For both processes, we impose the
cuts in Eqs. 2, 3, and 4. For Zγ we apply the lepton cuts
to both leptons in the Z decay and the invariant mass
of the leptons is restricted to 65 < m``(GeV) < 115. We
can see how the Zγ process starts to develop a central
dip at high enough energies due to its t/u channel na-
ture, but the dip is clearly deeper for Wγ. More quanti-
tatively, we can compare the effect on Zγ caused by the
RV cut that we used forWγ right below Eq. (6). For the
same cut values we used for the Wγ scenario – m`νγT in
the interval [0.5, 0.7] TeV and RV cut ∆y ∈ [−1.2, 1.2],
Zγ has an efficiency of (b)V = 0.42 while a hypotheti-
cal scalar Zγ resonance has an efficiency of (s)V = 0.56.
These values represent a decrease of 14% in the signif-
icance2. In this sense, the RAZ provides a distinct ad-
vantage forWγ over other channels in searches for exotic
diboson resonances.
Two additional comments worth mentioning: First,
the results in this and subsequent sections focus on W+
production for simplicity. One can, in principle, apply
the same analysis in W− production. Second, the most
recent analysis by ATLAS with Wγ looks at hadronic
decays of the W boson [48]. The analysis utilizes sub-
structure techniques for highly boosted fat jets to disen-
tangle Wγ from processes like Zγ, Hγ and large QCD
2Optimizing the cut values for Zγ rather than using the same
ones we used for Wγ does not significantly improve the situation.
backgrounds, a complication that we want to avoid by
limiting our analysis on the leptonic channel. Focusing
on leptonic W also allows us to distinguish W+ from
W−, which is beneficial since the location of the RV
depends on the W charge.
Now that we have identified the RV cut strategy and
verified its connection to the underlying RAZ in the SM
background, we are ready to introduce some models with
Wγ resonances.
3 Models for Wγ Resonances
The first model we will analyze with the RV cut are
scalar quirks in Folded Supersymmetry [6, 7]. Super-
symmetry is an attractive way to ensure the cancelation
the quadratic divergences of the Higgs mass parame-
ter. In the Minimal Supersymmetric Standard Model
each superpartner is charged under the same symme-
tries as its corresponding SM particle. This is dictated
by the symmetry structure of the model; supersymme-
try commutes with gauge symmetries. By contrast, in
Folded Supersymmetry the quark superpartners are not
charged under the SM color SU(3)c, but rather under
a mirror (or dark) color SU(3)c′ (the superpartners re-
main charged under the SM electroweak interactions).
Supersymmetry is broken in the ultra-violet (UV) in
a way that respects a Z2 symmetry that relates both
SU(3)c ↔ SU(3)c′ . This still guarantees the cancelation
of the quadratic divergences in the IR at one-loop [49].
However, folded superpartners are not colored under SM
QCD and thus produced at electroweak rates.
Due to the Z2, the confining scales of SU(3)c and
SU(3)c′ forces are similar. The direct bounds on charged
particles imply that the lightest particles charged under
SU(3)c′ are much heavier than the hidden color con-
fining scale. Particles that obey this criterion, being
charged under a confining force without light matter,
are dubbed ‘Quirks’ [50–56], and in our model ‘squirks’
(they are sometimes called F-squirks, but we will drop
the F for ease of pronunciation). The hallmark of quirky
phenomenology is that upon production, quirks will
form confined, but highly excited bound states among
themselves.
We will use q˜ to represent the squirk and 〈q˜q˜∗〉Q
to represent the quirky bound state, or quirkonium,
with charge Q. Squirks production at the LHC begins
with electroweak pair production. As the squirk elec-
troweak charges are governed by supersymmetry, the
only free parameter this process depends on is the squirk
mass. The produced squirks then bind to each other via
SU(3)c′ forming a quirky bound state. The bound state
can be either neutral or electrically charged:
qq¯ → γ∗/Z → q˜q˜∗ → (confining)→ 〈q˜q˜∗〉0 ,
q′q¯ →W± → q˜′q˜∗ → (confining)→ 〈q˜′q˜∗〉± .
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Once formed, there are several processes that a bound
state can undergo. First, as the quirkonium is formed in
a highly excited state, it can relax down to the 1S state
by emitting soft photons and dark glueballs [6]. Second,
charged quirkonium can decay to neutral quirkonium via
the beta decay q˜′ →W (`ν)q˜,
q′q¯ →W± → q˜′q˜∗ → `±ν 〈q˜q˜∗〉0 .
The rate for beta decay depends crucially on the mass
splitting between q˜′ and q˜. Finally, quirkonium can de-
cay back to SM particles. Assuming the bound states
relax down to their ground state before decaying, they
behave as scalar resonances. Neutral quirkonium decay
primarily to dark glueballs, whereas charged ones decay
to Wγ,WZ and SM fermions, with the exact fraction
depending on the relative velocity of the squirk con-
stituents when they annihilate [6].
In order for squirks to act asWγ resonances, we there-
fore need beta decay to be suppressed and the Wγ de-
cay mode to dominate. Following the model in Ref. [6],
these conditions are satisfied for first and second gener-
ation folded squirks (which all have similar mass). For
these states, taking the relative velocity to be small, the
Wγ branching fraction is 85%. Third generation squirks
do not contribute as Wγ resonances because the mass
difference between the third generation squirks is large
and 〈t˜′ b˜∗〉+, etc. promptly undergoes beta decay.
The second scenario we explore is more phenomeno-
logical – composite Wγ resonances from some new TeV-
scale strong dynamics. This scenario can be broken
down further according to the spin of the composite,
either scalar/pseudoscalar composites or vector compos-
ites, which can be thought of as pions or rho mesons of
the new strong dynamics [1–5, 57–60]. Due to electro-
magnetic gauge invariance these composite states can
decay to gauge bosons only through higher dimensional
operators. In the following we provide two toy models
that will allow us to quantify the power of our RV cut-
ting technique. The UV completion of these models lies
outside the scope of this paper.
• Scalar Triplets: Scalar composite states can
have anomaly-induced interactions of the form
(1/Λ)φaW aµνB˜
µν , where Λ is related to the scale at
which the UV theory confines. Here φa is a pseudo
scalar SU(2)L triplet. We consider this interaction
along with a coupling to matter, ym,
L 3 −ym
Λ
(
iQ†taHdc†φa + h.c.
)
+
1
Λ
φaW aµνB˜
µν .
(7)
Note that we have chosen the triplet φa to be a
pseudoscalar so that its neutral component does not
mix with the Higgs (assuming CP conservation) [3].
• Vector Triplets: Vector composite states can couple
directly to matter through a renormalizable inter-
action, and to gauge bosons through higher dimen-
sional operators. We consider the following interac-
tions for our analysis
L 3 −gmQ†taσ¯µQV aµ +
cW
Λ2
V aνµ W
aα
ν B
µ
α+
+
ch
Λ2
V aµB
µνH†ta
←→
D νH, (8)
where gm is the coupling to matter and the op-
erator cW and ch provide two examples through
which the heavy vector can decay to gauge bosons.
The terms differ on how the W boson appears; as
cW contains a field strength it contains (predom-
inantly) couplings between V aµ and transverse W ,
while ch, which involves the Goldstone degree of
freedom via DνH, couples V aµ (predominantly) to
longitudinalW . The vector V aµ can in principle mix
with some of the vector bosons, with mixing typi-
cally O(m2W /m2V ) [61]. As we will focus on mV
in the 0.5 − 1.5 TeV range, this mixing is always
small and we will ignore it. Had we coupled V a to
leptons, there would be a strong constraint coming
from resonant dilepton searches, hence we assume
our vector resonance benchmark is leptophobic.
For simplicity, in our analysis we will include only
one of these operators at a time. We define the
Vector Triplet cW model with the Lagrangian above
choosing: cW = 1, ch = 0, and the Vector Triplet ch
model by choosing: cW = 0, ch = 1.
The diboson resonances φa and V aµ are produced
through q′q¯ collisions. This production is controlled by
the matter couplings ym and gm, respectively. The de-
cays of the triplets are controlled by ym, gm, along with
the interactions with SM gauge bosons which are pro-
portional to the UV scale Λ. We restrict our parameter
space to regions where the resonances are narrow and the
Wγ branching fraction is large enough so that this chan-
nel is more sensitive than channels like dijets. For the
scalar model, this is not a strong limitation as all cou-
plings are higher dimensional so the restriction ym < 1
already does the job. The vector models are more re-
stricted in that sense because the decay V a → qq¯ is not
suppressed by Λ. As a result, V a will decay predomi-
nantly into dijets unless the coupling of Va to quarks gm
is small enough. Finally, to make sure our effective reso-
nance theories are under control, we will require that Λ
is at least 5 times bigger than the mass of the triplets.
Having laid out the models and the search strategy,
we now move on to show the results.
4 Results
We begin with a review of the current search for Wγ
resonances performed by the LHC in the leptonic chan-
nel [30] and we then show how the results can be im-
proved using our technique. The ATLAS collaboration
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searches forWγ resonances in the leptonic channel using
20.3 fb−1 of 8 TeV data [30]. The 7 TeV analysis by CMS
on Wγ final states was used to constrain anomalous
triple-gauge couplings [33], whereas more recent anal-
ysis focus on Zγ production only [62]. We will follow
these analysis and focus on the leptonic channel.
In the ATLAS analysis [30], `νγ candidate events are
selected by requiring the following cuts similar to our
Eq. (2): p`T > 25 GeV, p
γ
T > 40 GeV and /ET > 35
GeV, |ye| < 2.47, |yµ| < 2.4, |yγ | < 2.37 (excluding the
calorimeter transition region 1.37 < |yγ,e| < 1.52). In
addition, the transverse mass of the ` /ET system is re-
quired to be greater than 40 GeV and the `γ invariant
mass needs to be outside the range 75 − 105 GeV in
order to suppress the background where one of the elec-
trons from a Z boson decay is misidentified as a pho-
ton. Finally, a selection requirement ∆R`γ ≥ 0.7 is ap-
plied to suppress the FSR contributions (as in Eq. (4)).
For events passing these cuts, ATLAS reconstructs the
W and hunts for bumps in the m`νγT distribution. As
a template signal, they use the Low Scale Technicolor
model in [5] and set observed limits on cross section
times branching ratio of about 1 fb, ruling out resonance
masses of up to 900 GeV.
Starting with the ATLAS analysis, we add the RV
cut. As discussed in Section 2, the RV cut can be im-
plemented on either ∆y or cos θCS , and the cut should
be optimized for each mass bin – quantified either with
mWγ or the cluster transverse mass m
`νγ
T . We will
explore all four combinations of RV angle and mass
measurement, for each of the resonance signal models
(squirks, Scalar triplet, Vector Triplet cW , and Vector
Triplet ch).
To illustrate the impact of the RV cut, the pre-RV
and post-RV m`νγT distributions for a 1.25 TeV scalar
triplet are compared in Fig. 5, with RV defined using
∆y. The solid lines represent the background (blue)
and signal (orange) m`νγT distributions including all val-
ues of ∆y ∈ [−5.0, 5.0], while the dashed lines impose
the RV cut ∆y ∈ [−1.2, 1.2]. The model parameters for
this benchmark signal are ym = 0.8, and Λ = 10 TeV,
corresponding to a cross section times branching ratio
(pre-RV) of 1 fb. If we neglect any secondary back-
grounds and estimate the significance using S/
√
B, the
increase for this mass point is 60%. This example also
shows the complications of m`νγT , namely that the signal
is not confined to a single bin. Depending on the res-
onance mass, roughly 20 − 30% of events leak to lower
m`νγT .
3
So far, we have only discussed the irreducible SM
background coming from Wγ. Reducible (fake) back-
3This indicates that the bin size can be optimized for each sig-
nal mass point. For example, increasing the size of the 1.25 TeV
bin in Fig. 5 would include more signal events as well as more
background events, so there must be a bin size for which the signif-
icance is maximal. However, for simplicity, we will do our analysis
using the binning showed in Fig. 5 for all our signal models
(solid) Δy ∈ [-5.0, 5.0](dashed) Δy ∈ [-1.2, 1.2]
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Figure 5: Transverse cluster mass distribution for
W+(`+ν)γ production; background (blue) and a benchmark
signal (orange) using the triplet scalar model introduced in
Eq. (7). Solid lines include all events in the m`νγT bins,
whereas dashed lines only include events for which ∆y ∈
[−1.2, 1.2]. The small orange and blue numbers represent
the number of events in the 1.25 TeV bin for signal (orange)
and background (blue) without (solid) and with (dashed) the
∆y cut.
grounds, while subdominant overall, can play an impor-
tant role as they may behave differently under the RV
cut. One of the largest fake background comes from
W + jet where the jet fakes a photon [30,33]. To incor-
porate this background in our analysis, we first estimate
the jet → photon misidentification rate in ATLAS by
comparing the NLO cross section in W + jets (at 8 TeV,
and after applying the analysis cuts) to the W + fake
background quoted in Ref. [30]. This corresponds to a
misidentification factor of 2× 10−4, which we conserva-
tively assume to be constant in pT and η, and to carry
over to analyses at 13 TeV. We then generate W + jet
at LO using MCFM 8.0, treating the additional jet as a
photon for the purposes of analysis cuts (including RV),
and scaling the rate by the 2 × 10−4 misidentification
factor to determine the impact on the significance. (Fol-
lowing this procedure, we found that W + jet represents
a 8−10 % background). To estimate the effects of other
reducible backgrounds and systematics we introduce by
hand a systematic error comparable to the statistical
error in each m`νγT and mWγ bin.
We implement the RV cutting procedure for all four
models described in Sec. 3 and throughout the mass
range 0.3 − 2.5 TeV. For each model, RV angle, mass
variable (mWγ ,m
`νγ
T ) and resonance mass we quantify
the signal strength that is excluded by 2σ using Pois-
son statistics and 140 fb−1 of integrated luminosity. Fi-
nally, we repeat the analysis for the HL-LHC, luminos-
ity 3 ab−1. In extrapolating to the HL-LHC, we assume
that the efficiency of the signal and the background are
unchanged, as is the behavior of the backgrounds.
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Figure 6: Sensitivity of Wγ resonances of mass mX at the
√
s = 13 TeV LHC assuming the current luminosity (140 fb−1)
(left) and high luminosity (right). Top: Squirks in Folded Supersymmetry including two generations of squarks (red), and
the Scalar Triplet model fo Eq. (7) using the benchmarks Λ = 5mX , ym = 0.1 (solid) and Λ = 10 TeV, ym = 0.15 (dashed).
Middle: Vector Triplet cW model with benchmarks Λ = 5mX , gm = 0.03 (solid) and Λ = 10mX , gm = 0.06 (dashed).
Bottom: Vector Triplet ch model with benchmarks Λ = 5mX , gm = 0.005 (solid) and Λ = 10mX , gm = 0.02 (dashed). The
black bands were calculated assuming the signal model shown in each panel and using the entire m`νγT distribution whereas
the gray bands use m`νγT along with RV cuts on ∆y as shown in the gray label. The width of the bands come from considering
a systematic error between once and twice as large as the statistical error in each m`νγT bin.
Putting everything together, we find that the opti-
mal Wγ resonance mass sensitivity is always achieved
imposing an RV cut on the rapidity difference ∆y in
bins of the cluster transverse mass m`νγT . The fact that
m`νγT provides better results than mWγ is a bit counter-
intuitive given the fact that the signal m`νγT distribu-
tion is less peaked than mWγ (as shown in Fig. 5, some
events always leak to lower values). However, we find
that this effect is countered by the steeper dropoff of the
Wγ background with m`νγT . The dominance of ∆y over
cos θCS as the angular variable is less surprising based
on the shape distributions presented in Fig. 3. There, we
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saw that the signal ∆y distribution peaks at the center –
right at the background RV, whereas the signal cos θCS
peak is offset from the background RV.
The RV improved mass sensitivities are presented in
Fig. 6 for the different model scenarios. The left panels
show the sensitivity improvement given the current LHC
luminosity (∼ 140 fb−1), while the extrapolation to the
HL-LHC is shown in the panels to the right. As the
combination of the RV cut on ∆y for events binned by
m`νγT always delivered the best sensitivity, we only show
those results. In the following we describe each panel in
more detail.
The top-left panel shows the sensitivity for scalar res-
onances of mass mX with current luminosity at the
LHC. The black band marks the 2σ exclusion using the
m`νγT distribution alone whereas the gray band usesm
`νγ
T
along with the RV cut on ∆y as shown in the gray la-
bel. Values of the cross section above these bands are
excluded. The width of the bands come from consider-
ing a systematic error between once and twice as large
as the statistical error in each m`νγT bin. As we can
see, applying the RV cut on ∆y improves the sensitivity
by about 30%. In other words, the RV-improved anal-
ysis is equivalent to increasing the current luminosity
from 140 fb−1 up to about 250−300 fb−1 depending on
the resonance mass region. In the same panel, the red
line corresponds to the squirks production cross section.
We assume that the squirks decay into Wγ 85% of the
time following [6], and only include two generations of
squarks. The blue lines represent two benchmarks in the
parameter space of the Scalar Triplet model: Λ = 5mX ,
ym = 0.1 (solid) and Λ = 10 TeV, ym = 0.15 (dot-
dashed). The point where the signal lines (red and blue)
intercept with the black and the gray bands correspond
to the bounds on the resonance mass with and without
implementing the RV angular cuts, respectively. Look-
ing at the signal lines, we can see that using the RV cut
on ∆y the LHC can increase the mass sensitivity by 80
GeV for the squirk model and by 70 GeV (140 GeV) for
the first (second) benchmark of the Scalar Triplet model.
These results depend on the parameters of the models
we study. For example, the sensitivity bands (black) can
change if the Wγ resonances are not narrow. This hap-
pens because a broad resonance will spread the events in
the m`νγT distribution, washing out the signal. Similarly,
the signal lines in Fig. 6 can be modified in two ways.
For the squirk model, the red line will move up (down) if
the BR of the squirks to Wγ increases (decreases). The
slope of this line does not change because the produc-
tion of squirks is fixed by the electroweak production of
squarks as described in Section 3. For the triplet models,
the signal blue lines move up (down) as the coupling ym
increases (decreases). Also, the slope of the signal line
changes depending on the choice of Λ as shown in the
figure. The smaller the slope, the highest is the increase
in sensitivity provided by the RV cut.
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Figure 7: Signal shape of the CS angle for W+(`+ν)γ res-
onances. Heavy resonances show different shapes depending
on the spin; scalar resonances decay isotropically whereas a
spin one resonance creates different patterns depending on
its couplings to gauge bosons.
The top-right panel shows the high luminosity pro-
jections of the sensitivity for scalar resonances. As ex-
plained earlier, to calculate the bounds for HL-LHC we
have rescaled the number of events in each distribution
by the factor by which the luminosity increases.4 We did
this for the main background, the secondary background
and the signal distributions. In the case of HL-LHC,
applying the RV angular cuts the LHC can probe extra
150− 300 GeV of resonance masses, which is equivalent
to running the LHC with a luminosity of 6− 8 ab−1.
Moving to the middle-left and bottom-left panels, the
green and purple lines correspond to the Vector Triplet
cW and the Vector Triplet ch model, respectively. For
the former we used the two benchmarks: Λ = 5mX ,
gm = 0.03 (solid) and Λ = 10mX , gm = 0.06 (dot-
dashed), whereas for the latter we used the bench-
marks Λ = 5mX , gm = 0.005 (solid) and Λ = 10mX ,
gm = 0.02 (dot-dashed). Again, the black bands provide
the bounds on mX using the entire m
`νγ
T distribution
whereas the gray bands use m`νγT as well as the RV an-
gular cuts. We can see how our analysis increases the
mass sensitivity by 50− 220 GeV, the smallest increase
corresponding to the Vector Triplet ch model.
The middle- and bottom-right panels show the high
luminosity projections of the sensitivity for the vector
models. We can see how the mass sensitivity increases by
100− 350 GeV for vector resonances. This is equivalent
to increasing the luminosity of the HL-LHC by a factor
of 3, the most optimistic scenario corresponding to the
Vector Triplet cW model.
Note that the height of the black and gray bands is
different in each panel. This is because the signal effi-
4This consideration is well justified in that our MC simula-
tions were ran with enough iterations to suppress the statistical
fluctuations at the sub-percent level.
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ciency is different for each model. For example, the Vec-
tor Model cW predicts a m
`νγ
T distribution more peaky
than the other models. Also, the Vector Model ch pre-
dicts a more spread m`νγT distribution so the efficiency
of the RV cut is not as good as for the other models.
Our results focus on the Wγ decay of the scalar and
vector resonances we have introduced. However, one can
potentially look for these particles in dijet final states for
they have couplings to quarks. Current searches at the
LHC exclude dijet resonances with signal cross sections
of 70 and 2 fb in the mass range between 1.2 and 6.5 TeV
with 139 fb−1 of data [63]. Previous searches excluded
signal cross sections above 0.1 pb and masses above 1
TeV (2 TeV) for 29.3 fb−1 (77.8 fb−1) of data [64–66].
Most of the benchmarks we provided in Fig. 6 pro-
duce dijet cross sections that are well below current sen-
sitivity. The only exception is the second benchmark
(Λ = 10mX and gm = 0.02) of the Vector Triplet ch
model. For that parameter point, BR(jj)  BR(Wγ)
because gm is not small enough to compensate for the
large value of Λ. We verified that a resonance of about
700 GeV (close to the bounds in our Fig. 6) should pro-
duce ∼ 1σ deviations in the current dijet background.
With more data, this would imply correlated signals in
dijets and Wγ.
The role of cos θCS - While we have focused on ∆y
for the purposes of the RV cut, the cos θCS variable is
still a useful one. Should a Wγ resonance be found, the
cos θCS angle can also be used to discriminate the spin
of NP signals [67, 68] (Fig. 7). Scalar resonances decay
isotropically, leading to a flat distribution in cos θCS (ex-
cept at the edges where the kinematic cuts of the final
states objects reduces the number of events) while vec-
tor resonances populate either the edges or the central
region depending on the couplings to the vector bosons
(i.e. if one considers the Vector Triplet cW or ch model).
The discriminatory power is best for heavy resonances,
as they are less affected by acceptance cuts (compare
the cos θCS distribution for a scalar resonance in Fig. 7
(1.8 TeV resonance) with the signal distribution in Fig. 3
(600 GeV scalar resonance)).
5 Conclusions
In this paper, we showed that the Radiation Valley (RV)
– the remnant of the Radiation Amplitude Zero (RAZ)
at a hadron collider – can play an important role in the
discovery of exotic resonances that decay to W (`ν)γ.
While the RAZ is encoded in several different kinematic
variables, we found that the best proxy for it is the dif-
ference in rapidity between the lepton and the photon
in the case of resonance searches. Adapting the ATLAS
W (`ν)γ search [30] to include a RV cut, we explored the
improvement in resonances for four different straw-man
resonance scenarios: scalar squirks, a phenomenological
scalar triplet model, and two different phenomenologi-
cal vector resonance models. Optimizing the RV cut for
the resonance mass and type, we found an increase of
order 70 - 220 GeV in the resonance mass reach assum-
ing 140 fb−1 of integrated luminosity (an estimate of the
current run II dataset). Extrapolating to the full HL-
LHC dataset, we project the increase in reach to be of
order 100 - 350 GeV. The increase in mass reach that
we find is equivalent to increasing the luminosity by a
factor between 2 and 3, depending on the mass region,
model assumptions, and luminosity. We focused exclu-
sively on leptonic W to avoid contamination from fake
backgrounds, such as γ + jet, which do not share the
RAZ features of the irreducible background. Jet sub-
structure and, more recently, jet image based searches
have shown discriminating power between hadronic W
and QCD [48, 69–71], therefore it would be interesting
to combine those techniques with RV cuts in Wγ reso-
nance searches with hadronic W . Finally, even though
we focused on the effects of resonances on the RAZ, ex-
ploring non-resonant effects is another interesting venue.
In such a case, angular asymmetries can play an impor-
tant role in signal-to-background discrimination.
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